Photonic crystal slab line defect waveguides with slightly small innermost holes are theoretically expected to show light transmission with low-group-velocity and low-dispersion (LVLD) characteristics owing to a linear and almost flat photonic band. In this study, the LVLD characteristics of such waveguides were experimentally confirmed by using modulation phase shift measurement and transmission of ultrashort optical pulses. These results will be applicable to buffering and nonlinearity enhancement of optical signals.
Light whose group velocity g is markedly slowed down in comparison with c, the velocity of light in vacuum, is called "slow light." It is believed that slow light may find application in compact optical delay lines and optical buffers. It is also expected to enhance nonlinear effects because the optical signals are spatially compressed and their internal intensity is enhanced by the low g . Thus far, large material dispersion and structural dispersion have been studied to generate slow light. Photonic crystal waveguides (PCWs) consisting of a line defect in a two-dimensional (2D) photonic crystal slab show a low g converging to zero and a correspondingly large group index n g ϵ c / g diverging to infinity owing to the large first-order structural dispersion dk / d at the photonic band edge [1] [2] [3] . However, the bandwidth of slow light becomes narrower as g approaches zero [4] . Moreover, the waveform of highspeed optical signals is severely distorted by the large second-order dispersion (group-velocity dispersion d͑dk / d͒ −1 / d, GVD) of slow light. To obtain useful slow light, we have proposed a directional coupler [5] and coupled waveguides [6] , in which the bandwidth of slow light is expanded by a chirped structure and the GVD is internally compensated. However, these devices generally have complex structures that are difficult to fabricate. Moreover, optical signals are first dispersed and then recovered by the dispersion compensation in the device. This process is not necessarily suitable for the enhancement of nonlinear effects. In addition, the low-group-velocity and low-GVD (LVLD) characteristics of PCWs have also been studied as alternative useful slow light [7, 8] . A LVLD PCW has a slightly modified structure from a standard PCW and shows a linear and almost flat photonic band of the main propagation mode in a particular bandwidth. For instance, when the width of the line defect is narrowed, the hole diameter 2r is enlarged, the diameter 2rЈ of the innermost holes is reduced, or the refractive index of the line defect is locally increased, the photonic band of the propagation mode approaches that of the slab mode, and weak anticrossing occurs, resulting in a linear photonic band near the band edge. However, the appearance of such LVLD characteristics is sensitive to these parameters, and thus a careful experiment is necessary for observation and evaluation. Recently, several experiments on LVLD characteristics have been reported [9, 10] , but their agreement with theoretical results remains unclear. In this study, we observed the LVLD characteristics of PCWs with reduced 2rЈ [see Fig. 1(a) ] by measuring the delay time using the modulation phase shift method and carefully evaluated the correspondence to theoretical results. We also confirmed the low GVD through transmission measurement of ultrashort optical pulses.
In this study, a photonic crystal slab consisting of circular holes (diameter 2r) in a triangular lattice (lattice constant a) is assumed as the basic structure. Figure 1 (b) shows the photonic band of the main propagation mode of the single-line-efect PCW when the polarization is assumed to be transverse electric. We performed a 2D analysis with an equivalent index of the slab of 2.9 because the three-dimensional (3D) calculation of band frequencies, which is precise enough to estimate g in the slow light regime, is very time consuming. As 2rЈ /2r is reduced, the band shifts to lower frequencies, changing its shape from downfacing, to linear, and then to upfacing. This change is caused by the slab mode band below the propagation mode band, although it is omitted in Fig. 1(b) . As can be seen from Fig. 1(b) , 2rЈ must be precisely controlled to obtain the linear photonic band, and the bandwidth of the linear section is uniquely determined. Figure 2(a) shows the group index n g characteristics obtained from the photonic bands. A simple increase in n g is observed for 2rЈ /2r = 1, while a steplike behavior is found in the range 2rЈ /2r Ͻ 0.8 and ideal LVLD characteristics are observed for 2rЈ /2r = 0.795. The optimum 2rЈ /2r for the LVLD also depends on 2r / a because the slab mode band is shifted by 2r / a. Figure 2(b) shows the n g characteristics when 2r / a is changed and 2rЈ /2r is optimized accordingly. As 2r / a is increased, the optimum 2rЈ /2r approaches unity, and the LVLD appears at higher frequencies, exhibiting a larger n g and narrower bandwidth: n g = 45 and the normalized bandwidth ⌬ / = 0.4% for 2r / a = 0.765, and n g = 17 and ⌬ / = 1.4% for 2r / a = 0.667. One can choose the high n g and narrow bandwidth or low n g and wide bandwidth according to the application. Note that there is a quantitative difference in n g and ⌬ / between the 2D analysis and actual 3D structures. Nevertheless, we can expect a qualitative agreement. Since photonic bands in the 3D analysis usually tend to be flatter than the 2D photonic bands, the actual n g and ⌬ / values will be slightly larger and narrower, respectively.
For the fabrication, a smart-cut silicon-oninsulator (SOI) substrate having a 0.213 m thick top Si layer was used. A triangular lattice hole pattern with 2r / a Х 0.65 was formed by electron-beam lithography and SF 6 inductively coupled plasma etching. The input and output ends of the PCW were formed by cleavage, and the air-bridge structure was formed by HF wet etching. The diameter 2rЈ was fine-tuned by adjusting the exposure time of the e-beam lithography. The transmission spectrum of the PCW was measured by inserting a tunable laser light, and n g was evaluated by the modulation phase shift method using an optical network analyzer (Advantest Q7750). Figure 3 shows the results and the band diagram obtained from the above analysis (dashed curve) and from the experimental n g using the relation n g = c⌬ / ⌬k (solid curve). When 2rЈ /2r was decreased below unity, the drop in the transmission intensity near the band edge became more gradual. This is thought to be due to the increased coupling loss and propagation loss of the slow light whose bandwidth was expanded. Accordingly, the behavior of n g became steplike, and LVLD characteristics appeared. When 2rЈ /2r = 0.89, n g = 37 for ⌬ / = 0.3%. When 2rЈ /2r = 0.86, n g = 30 for ⌬ / = 0.7%. These results qualitatively agree with the above theoretical considerations. The position of the air light line can be determined from the attenuation in transmission on the higher frequency side. The theoretical photonic band was slightly shifted so that the position of the light line agrees with the experimental photonic band. In addition, the calculation parameters were appropriately changed. Thus, the behavior of n g and of the photonic bands corresponded approximately to the experimental results.
To confirm the low GVD, we performed transmission measurements of ultrashort optical pulses. We used a mode-locked tunable fiber laser emitting C-band optical pulses, each having a full width at half-maximum of 0.8 ps and a corresponding spectral width of 6.5 nm. The LVLD PCW sample used had a slightly small 2r / a = 0.64 and 2rЈ /2r = 0.84 and exhibited LVLD characteristic in the C-band with n g = 20. Figure 4 shows the n g characteristics and autocorrelation traces of the input and output pulses. Arrows indicate the center wavelengths of the pulse spectrum. At = 1.528 m, exhibiting a constant n g , the width of the output pulse was almost the same as that of the input pulse. At = 1.534 m, exhibiting a larger dispersion, the pulse was clearly expanded and weakened.
In summary, we theoretically investigated and experimentally demonstrated the LVLD characteristics arising from the linear photonic band in a photonic crystal line defect waveguide. By adjusting the diameters of the holes ͑2r͒ and innermost holes ͑2rЈ͒, the group index n g and normalized bandwidth ⌬ / of the LVLD characteristics can be controlled. When 2rЈ /2r was reduced slightly below unity, n g =30-37 for ⌬ / = 0.7% -0.3%, respectively, and the LVLD characteristics corresponded approximately to those obtained by the photonic band analysis. To confirm the low GVD, subpicosecond optical pulses were inserted; no degradation was observed in the waveform of the resultant output pulses. Such slow light with LVLD characteristics is particularly effective in enhancing the internal light intensity and nonlinear effects. 
